In this study we have performed a mutational analysis of the cowpea mosaic comovirus (CPMV) genome-linked protein VPg to discern the structural requirements necessary for proper functioning of VPg. Either changing the serine residue linking VPg to RNA at a tyrosine or a threonine or changing the position of the serine from the N-terminal end to position 2 or 3 abolished virus infectivity. Some of the mutations affected the cleavage between the VPg and the 58K ATP-binding protein in vitro, which might have contributed to the lethal phenotype. RNA replication of some of the mutants designed to replace VPg with the related cowpea severe mosaic comovirus was completely abolished, whereas replication of others was not affected or only mildly affected, showing that amino acids that are not conserved between the comoviruses can be critical for the function of VPg. The replicative proteins of one of the mutants failed to accumulate in typical cytopathic structures and this might reflect the involvement of VPg in protein-protein interactions with the other replicative proteins.
INTRODUCTION
The genome of cowpea mosaic virus (CPMV) consists of two positive-stranded RNA molecules, denoted RNA1 and RNA2, which are separately encapsidated in particles containing 60 copies each of the two capsid proteins. Both RNA1 (5889 nucleotides (nt)) and RNA2 (3481 nt) are translated into large polyproteins from which the functional proteins are generated by proteolytic cleavages by the RNA1-encoded 24K proteinase. The two genomic RNAs are further characterized by a 3Ј-terminal poly(A) tail and a small protein, denoted VPg (viral protein genome-linked), covalently attached to the 5Ј-end of each RNA chain.
VPg is an RNA1-encoded, 28-amino-acid oligopeptide that is linked to RNA by a phosphodiester bond between the ␤-OH group of its N-terminal serine residue and the 5Ј-terminal uridyl residue of the RNA (Jaegle et al., 1987) . Although many RNA viruses that belong to the picornavirus-like supergroup possess a VPg, the amino acid that links the VPg to the RNA has been identified for only a few of them. A tyrosine residue was shown to link the VPg to the viral RNA for poliovirus (Rothberg et al., 1978) and encephalomyocarditis virus (Vartapetian et al., 1980) , both animal picornaviruses, and the plant potyvirus tobacco vein mottling virus (TVMV) (Murphy et al., 1991) , while the comovirus CPMV (Jaegle et al., 1987) and the related nepoviruses tobacco ringspot virus (Zalloua et al., 1996) and grapevine fanleaf virus (Pinck et al., 1991) use a serine residue. Linkage of VPg to RNA via a threonine residue has not been reported although the side chain of this amino acid contains a hydroxyl group, which is required to form the phosphodiester bond.
A role for VPg in translation is not likely since full-size in vitro transcripts lacking the protein, and viral RNA from which the VPg has been proteolytically removed, are infectious and retain their messenger activity for most RNA viruses studied (Dolja et al., 1992; Sarnow, 1989; Sosnovtsev and Green, 1995; Vos et al., 1988) . Rather, VPg might have a role in the initiation of viral RNA synthesis as VPg is found covalently linked to the 5Ј-end of both positive and negative strands in the replicative forms isolated from virus-infected tissue (Lomonossoff et al., 1985; Wimmer et al., 1993) . For poliovirus, the generation of uridylated VPg species [VPg-pU, VPg-pUpU, and VPg-poly(U) ] has been demonstrated in vitro in a membrane fraction of infected cells (Takegami et al., 1983) and in a cell-free system consisting of synthetic VPg, purified 3Dpol, UTP, and poly(A) template (Paul et al., 1998) , strongly suggesting that uridylylated VPg acts as primer for RNA transcription. The proposed role of VPg in RNA replication is similar to the role of terminal proteins (TPs) in the initiation of DNA replication of DNA viruses. The TPs of adenovirus, bacteriophage PRD1, and bacteriophage Cp-1 were shown to be linked to genomic DNA via a serine, a tyrosine, and a threonine, respectively [for a review see Salas (1991) ].
The serine residue linking the CPMV VPg to the RNA is part of the Gln/Ser cleavage site between 58K and VPg, indicating that proteolytic cleavage and RNA attachment may be interrelated. Figure 1 shows the processing scheme of the CPMV RNA1-encoded 200K polyprotein based on in vivo and in vitro translation and processing studies (Goldbach and Wellink, 1996 , and references therein). The RNA1-encoded 24K proteinase has been shown to be responsible for all the cleavages. Both 60K and 58K proteins are present in extracts of CPMV-infected leaves, indicating that 60K might be the direct precursor of VPg (Goldbach et al., 1982) . 60K is an ATPbinding protein that has been implicated in induction of typical small membranous vesicles associated with RNA replication (Peters et al., 1994; van Bokhoven et al., 1992) . Presumably 60K acts as a membrane anchor for the replication complex and as a donor of VPg. Alternatively, 112K either directly or via the 26K intermediate product acts as direct precursor for VPg (Fig. 1) . When transiently expressed in cowpea protoplasts, 112K is readily processed either to VPg and 110K, which is a stable end product, or to 26K and 87K whereupon the 26K is further cleaved to 24K and VPg (Peters et al., 1995) . These results are in line with findings that cleavages in cis of the 200K protein occur much more efficiently than cleavages in trans (Clark et al., 1999) .
In an attempt to delineate the function(s) of VPg in virus replication, we performed a mutational analysis of the VPg region in the RNA1-encoded polyprotein. Mutant constructs in which the serine residue that links VPg to the viral RNA was changed to different amino acids or the position of the serine relative to the cleavage site was altered lost the ability to replicate in cowpea mesophyll protoplasts. We have employed an in vitro translation system to study whether proteolytic processing was disturbed in these mutants. We have also characterized a chimeric virus in which the coding region for CPMV VPg was replaced with that of another comovirus, cowpea severe mosaic virus (CPSMV), and a set of intermediate mutants. RNA replication of some of the mutants was completely abolished, whereas replication of others was not affected or only mildly affected.
RESULTS

Mutations directed at the serine linking the RNA with VPg
We have constructed five mutants that involve changes in the serine residue (Ser1) that links the VPg to the viral RNA as well as changes within the vicinity of the linking amino acid (Fig. 2) . In mutant SR 3 Q/TR Ser1 has been replaced by threonine, a structurally conserved substitution that could provide a hydroxyl group for formation of the phosphodiester bond with RNA. Another mutant was designed to change Ser1 to a tyrosine residue, the residue linking VPg to genomic RNA in picornaviruses and potyviruses. Besides the intended S1Y mutation, another mutation was fortuitously introduced, changing the basic arginine residue at position 2 to a glycine (this mutant was designated SR 3 Q/YG). Two other mutants were made to investigate the necessity of the linking serine residue to be at the N-terminal position 1 of VPg. For mutant SR 3 Q/GSR insertion of a glycine residue at position 1 led to a change of the cleavage site from Q/S to Q/G and a VPg molecule with the linking serine at position 2. In mutant SR 3 Q/GRS the linking serine residue was introduced at position 3, replacing the arginine residue, while the serine residue at position 1 was changed to a glycine.
For the potyvirus tobacco etch virus (TEV), cleavage of the VPg part (24 kDa) of the VPg proteinase from the entire VPg proteinase (49 kDa) seems not to be essential as both forms are found attached to TEV genomic RNA isolated from infected plants (Murphy et al., 1990) . For encephalomyocarditis virus it was shown that a mutant disturbed in the cleavage between 3B (VPg) and 3C (proteinase) produced infectious virus particles containing 3BC that was probably linked to viral RNA (Hall and Palmenberg, 1996) . An additional CPMV VPg mutant was made to investigate the necessity of VPg being cleaved from the 24K proteinase in order to function in RNA replication. The mutation consisted of a change of the C-terminal glutamine residue to a histidine residue, abolishing the Q/M cleavage site between VPg and the 24K proteinase. This mutant was designated Q28 3 H.
The VPg mutants were introduced in cDNA clone pTB1G, which contains a full-length copy of CPMV RNA1 behind the T7 promoter. In vitro transcripts of wt pTB1G and mutant clones were used to transfect cowpea mesophyll protoplasts. Two days postinfection (dpi), the protoplasts were fixed and stained with antibodies raised against the CPMV 110K protein and the percentage of fluorescent cells was calculated. Because viral proteins accumulate to detectable levels only when replication of the virus takes place, the percentage of fluorescent cells is a measure of infectivity (van Bokhoven et al., 1993) . As is evident from Fig. 2 , transcripts from none of the mutant VPg containing constructs were infectious, whereas T7 transcripts of the wild-type (wt) cDNA of RNA1 infected at least 15% of the cowpea protoplasts. Apparently viral RNA replication is very sensitive to changes at the N-terminal end of VPg.
The proteolytic processing of the mutant polyproteins was examined in vitro to determine whether the lethal phenotype was due to an intrinsic defect in the functioning of VPg or to changes in the cleavage site, which could alter or prevent the cleavage by the 24K proteinase. For this purpose mutations were introduced in pTB84, a cDNA clone of CPMV RNA1 lacking the 32K coding region and a large part of the coding region of the 87K core polymerase (Fig. 3A) (Peters et al., 1992a) . Previous studies have shown that in this construct in vitro cleavage at the 58K-VPg site is more efficient than in full-length clones. Transcripts of these clones were translated in vitro and the samples were allowed to incubate for 18 h to accomplish processing by the viral 24K proteinase. The 88-kDa translation product encoded by wt pTB84 and the mutant constructs was readily cleaved into the 84K protein at the Q/G site between 24K and the truncated 87K (Fig. 3B, top) . No difference in cleavage efficiency was apparent at this site between wild-type and the VPg mutants. Cleavage at the Q/S of the 58K-VPg junction and of the Q/M of VPg-24K occurred less efficiently than cleavage at the Q/G of 24K-87K and only rather faint bands corresponding to the 58K and 60K product were observed with wild-type pTB84 (Fig. 3B , bottom, lane 1). The intensity of the 58K band for mutants SR 3 Q/GSR and SR 3 Q/GRS, which both contain a change of the cleavage site from Q/S to Q/G, is higher than that for wild-type. Since the 60K bands of these mutants are comparable in intensity, this results in a higher ratio of 58K/60K compared to wild-type, indicative of a more efficient cleavage between 58K and VPg ( Fig. 3C ). In contrast, replacement of the Q/S cleavage site to Q/T as is the case in mutant SR 3 Q/TR resulted in a sharp increase in the amount of 60K protein (Fig. 3B , bottom, lane 4). This is reflected in a reduction of the 58K/60K ratio ( Fig. 3C ) and suggests that cleavage at the 58K-VPg junction is inhibited. The amounts of 60K and 58K of mutant SR 3 Q/YG resembled that of wild-type although a small decrease in the amount of 58K was observed, resulting in a slight decrease of the ratio 58K/60K (Fig. 3B , bottom, lane 2; Fig. 3C ). Almost no 60K was detected in mutant Q28 3 H that contains a mutation at the C-terminal cleavage site and the ratio 58K/60K increased concomitantly, showing that cleavage between VPg and 24K was much less efficient in this mutant (Fig. 3B , bottom, lane 6; Fig. 3C ). From these data we conclude that the VPg mutants that contain the linking serine at position 2 or 3 are processed more efficiently between the 58K and the VPg than wild-type in vitro. If the function of the 60K proteins is other than being the precursor for VPg, this might contribute to the lethal phenotype of these mutants. The processing of the SR 3 Q/YG mutant resembled that of wild-type. In the VPg mutants SR 3 Q/TR and Q28 3 H the cleavage efficiency is clearly reduced and this might contribute to the loss of infectivity of these mutants in cowpea protoplasts.
Mutations designed to replace CPMV VPg with the related CPSMV VPg
Cowpea severe mosaic virus (CPSMV), a related comovirus, encodes a 28-amino-acid VPg that differs from CPMV at nine positions, mostly involving conserved amino acid changes (Fig. 4) . The nine mutations were introduced in the VPg coding region of pTB1G either as a pair or as a triplet generating four mutant constructs (designated VPg A , VPg B , VPg C , and VPg D ; see Fig. 4 ). In mutant VPg AB the mutations of A and B are combined. Combination of the mutations present in A, B, C, and D resulted in the complete replacement of CPMV VPg with CPSMV VPg and the clone encoding this chimeric virus was designated VPg CPSMV . It is noteworthy that, in contrast to the set of mutants described in the previous section, these mutations do not affect the N-terminal serine residue linking VPg to RNA nor do they affect amino acids in the immediate vicinity of this serine. The infectivity of the mutants was again tested by transfecting cowpea protoplasts with in vitro transcripts and the percentage of infected cells was determined using immunofluorescence with anti-110K serum at 2 dpi. The infectivity of transcripts from mutant VPg A was comparable to that of wild-type. In contrast, the mutants containing the chimeric VPg CPSMV or the intermediate VPg C were noninfectious, whereas the infectivity of mutants VPg B , VPg AB , and VPg D was decreased to 20, 20, and 50%, respectively, compared to wild-type (Fig. 4) . Western blot analysis of extracts of these protoplasts with anti-110K serum confirmed the immunofluorescence data and displayed a similar reduction in accumulation of viral proteins of the VPg mutants [ Fig. 5A ; VPg D (data not shown)]. To test whether the alterations in VPg affected the ability of the mutants to infect cowpea plants, extracts of protoplasts that were infected with transcripts of the mutant VPg clones and RNA2 were used to mechanically inoculate cowpea leaves. Using this method, infection with mutant VPg A produced symptoms similar to those with wild-type CPMV, resulting in a yellow mosaic pattern on the primary inoculated leaves 2 dpi. and on the upper systemic leaves at 6 dpi (data not shown During the immunofluorescence analysis of the protoplasts infected with the VPg mutants with anti-110K serum we noted a different pattern in the case of mutant VPg D in which the immunofluorescent label was distributed uniformly over the cytoplasm and not concentrated in specific areas as observed for wt RNA1 and the other mutants (data not shown). Previous electron microscopy studies have revealed that the replicative proteins accumulate in electron-dense structures adjacent to clusters of small membranous vesicles that are the site of viral replication (De Zoeten et al., 1974) . Using light microscopy and immunofluorescence staining these structures appear as large shapeless bodies located near the nucleus in most infected cells. To confirm that mutations in VPg can alter the normal localization of the replicative proteins, infected cowpea protoplasts were also analyzed for immunostaining with anti-VPg serum. The fluorescence in cowpea protoplasts transfected with wildtype RNA1 or mutant VPg A , VPg B , or VPg AB was present in one or a few large shapeless bodies per cell (Figs. 6A and 6B; and data not shown). The fluorescence in protoplasts transfected with mutant VPg D was uniformly distributed over the cytoplasm (Fig. 6C ), in agreement with the staining pattern observed with anti-110K serum.
The localization of the replicative proteins of the noninfectious mutants VPg C and VPg CPSMV was further tested by introducing the mutations in a transient expression vector, pMB200, that contains the coding sequence of the 200K polyprotein of RNA1 behind the CaMV 35S promoter. In protoplasts transfected with pMB200 or VPg C , the fluorescence after immunostaining with antiVPg and anti-110K sera was present in one or a few large shapeless bodies per cell (Figs. 6D and 6E; and data not shown). Using anti-110K, the fluorescence pattern of mutant VPg CPSMV resembled that of mutant VPg D and the fluorescence label was distributed over the cytoplasm (Fig. 6F) . No fluorescence was found using anti-VPg serum, possibly due to reduced affinity of the antibody for the mutant VPg containing proteins. Western blot analysis using anti-VPg serum of extracts of protoplasts transfected with the transient expression constructs revealed that the accumulation of 170K, 84K, and 60K proteins in VPg CPSMV and pMB200 transfected protoplasts is very similar, whereas in VPg C transfected cells no 84K protein was detected and the amount of 60K protein was clearly reduced (Fig. 5B) .
Taken together these results indicate that the two amino acid changes (an aspartic acid to glutamic acid residue at position 26 and an alanine to a glycine residue at position 27) present in both mutant VPg D and VPg CPSMV prevent the accumulation of replicative proteins in distinct bodies near the nucleus; instead the replicative proteins are now uniformly dispersed throughout the cytoplasm. Apparently the formation of these bodies is not a prerequisite for replication as mutant VPg D replicated in protoplasts and plants albeit at lower efficiency. Other mutations in VPg did not alter the localization pattern of the replicative proteins including mutations in VPg C that completely abolished RNA replication. The low levels of 84K and 60K proteins present in cells transfected with VPg C suggest that the mutations present in this mutant had an effect on the stability of these proteins, which could have contributed to the lack of viability of this mutant; however, this effect was not observed for VPg CPSMV , which is also not infectious and contains the same mutations. 
DISCUSSION
In this study we have performed a mutational analysis of the CPMV genome-linked protein VPg to discern the structural requirements necessary for proper functioning of VPg. We have shown that the structure of the Nterminal end of VPg, containing the serine residue involved in linking VPg to RNA, is crucial for virus replication but other parts of VPg that are not conserved among comoviruses are also important for viral infectivity. Furthermore VPg might be involved in protein-protein interactions with other replicative proteins as was suggested by the altered localization pattern of the replicative proteins in one of the mutants.
For the function of VPg, linkage to a specific amino acid as well as the location of this amino acid within the VPg is essential. CPMV VPg attaches to its genomic RNA via the hydroxyl group of the serine residue at position 1. Changing this residue to tyrosine proved lethal for the virus, suggesting that the hydroxyl group presented by tyrosine is not accepted to form the linkage between VPg and the viral RNA although an additional mutation present in this mutant at position 2 could also have contributed to the lethal phenotype. Changing the linking serine residue of CPMV VPg to threonine also rendered the virus noninfectious. At the same time the processing between the 58K and VPg was severely inhibited in this mutant as was shown in vitro. Therefore the defect might be due to a lack of processing and we cannot rule out the possibility that the virus can accept the hydroxyl group of threonine to form the covalent bond between VPg and the RNA. The position of the linking amino acid within the VPg is critical to its function as can be concluded from the lethal phenotype of mutants SR 3 Q/GSR and SR 3 Q/GRS, where the linking serine was present at positions 2 and 3, respectively. Processing at the 58K-VPg junction of these mutants occurred more efficiently than in wildtype and this might contribute to the lethal phenotype. Clearly the functioning of CPMV VPg in virus replication is dependent on the identity and position of the amino acid that links the VPg to the viral RNA, which is in line with findings for the VPg of poliovirus and TVMV, a plant potyvirus. These viruses use the hydroxyl group of an internal tyrosine residue to link VPg to the viral RNA and it was shown that changing this tyrosine residue to serine, or changing the position within VPg, results in a lethal phenotype (Murphy et al., 1996; Reuer et al., 1990) . Apparently the enzyme that catalyzes the esterification reaction between the hydroxyl group of the linking amino acid and the ␣-phosphate of uridine 5Ј-triphosphate specifically recognizes tyrosine in the case of picornaviruses and potyviruses or serine in the case of nepoviruses and comoviruses. The specificity of these viral proteins for either tyrosine or serine is reminiscent of the specificity found in protein kinases that catalyze the phosphorylation of regulatory proteins, which also occurs via an esterification reaction of the hydroxyl group with the ␥-phosphate. These kinases are divided in two evolutionary distinct classes: the serine/threonine kinases and the tyrosine kinases.
It is not known whether the direct precursor protein of VPg is 60K or 112K and whether cleavage from its precursor is required for VPg functioning. The VPg mutant where the N-terminal serine residue was changed to threonine was disturbed in cleavage between 58K and VPg in vitro and was unable to replicate, suggesting that proteolytic processing at that site is required. Changing the glutamine residue of the cleavage site at the Cterminal end to a histidine resulted in a virus that was severely disturbed in cleavage between VPg and the 24K proteinase. This mutation also proved lethal, strongly suggesting that VPg must be cleaved from its precursor in order to fulfill its role in replication. This is in line with results reported for the pea enation mosaic virus, a member of the picornavirus-like supergroup, where deletion of the N-terminal or the C-terminal cleavage site of the 28-amino-acid VPg led to a loss of infectivity (Skaf et al., 2000) . Also a poliovirus VPg mutant defective in processing at the C-terminal cleavage site was reported to be nonviable (Kuhn et al., 1988b) . Interestingly, complete processing of VPg at the C-terminal cleavage site is not required for the potyviral VPg because both the 24-kDa VPg and the 49-kDa VPg proteinase (NIa) were shown to be covalently attached to the RNA during infection with wild-type TEV (Murphy et al., 1990) .
Amino acid comparisons have shown that the first six amino acids of the VPgs of the comoviruses CPMV, CPSMV, bean pod mottle virus, and red clover mosaic virus are identical, indicating that the N-terminal region of VPg near the linking serine is highly conserved among the comoviruses (Di et al., 1999) . However, in other parts of VPg differences exist. CPSMV encodes a VPg that differs from CPMV VPg at nine positions. Introduction of these nine mutations in CPMV resulted in a chimeric virus that was unable to replicate, demonstrating that nonconserved amino acids can also play an important role in virus replication. This is in sharp contrast to experiments with poliovirus where the replacement of VPg with the related echovirus 9 VPg or with the more distantly related human rhinovirus 14 VPg did not affect virus viability (Kuhn et al., 1988a; Paul et al., 2000) even though the VPg amino acid sequence of the latter chimeric virus differed at 13 positions of the 23 amino acids with poliovirus VPg. Notably, although the sequence of VPg is less conserved among the human picornaviruses, their 3D polymerases are more conserved than the 87K polymerases of CPMV and CPSMV. Since it was proposed that recognition of VPg by the viral polymerase is a crucial step in initiation of viral replication (Paul et al., 1998) , it is probable that the VPgs of picornaviruses are structurally more conserved than those of the comoviruses despite the lower level of conservation at the amino acid level. Alternatively the picornaviral polymerase is more promiscuous to the VPg structure than comoviral polymerases. Previous experiments to determine the structure of CPMV VPg using 2-dimensional NMR yielded spectra with substantial overlap that were difficult to interpret (van de Ven et al., 1990) . This suggests that VPg does not adopt a defined folded structure in aqueous solution.
A set of intermediate mutants allowed us to determine which of the nine amino acids that differed between CPMV VPg and CPSMV VPg are crucial for CPMV infectivity. The three amino acid changes introduced in mutant C resulted in a complete abolishment of replication, demonstrating the pivotal role of these amino acids in CPMV replication. It is noteworthy that two of the three mutations present in VPg C involve changes in a basic cluster of three amino acids at positions 20 to 22. One could hypothesize that these positively charged amino acids are critical to the function of VPg because they interact directly with the negative charges associated with the nucleotides of the viral RNA. However, it is unlikely that this hypothesis explains the lethal phenotype of VPg C because the mutations introduced in VPg C at these positions were conservative in nature (lysine to arginine at position 20 and arginine to lysine at position 21) and did not change the net charge of the basic cluster. Also for poliovirus VPg mutational analysis showed that there is no direct correlation between the net charge of VPg and the ability to replicate. All mutations altering the arginine residue at position 17, even an arginine-to-lysine substitution, resulted in noninfectious virus, whereas the lysine residue at position 20 could even be changed in a negatively charged glutamic acid without affecting virus replication (Kuhn et al., 1988b) . Perhaps the mutations introduced in VPg C did not disturb an interaction of VPg with RNA but an interaction of VPg with another replicative protein. CPMV VPg is believed to interact with the viral polymerase to undergo uridylation and act as a primer for RNA transcription analogous to poliovirus initiation of replication (Paul et al., 1998) . For this virus it has been shown extensively by biochemical methods and the yeast two-hybrid system that multiple protein-protein interactions occur between the replicative proteins, in particular between the precursor of VPg, 3AB, and the polymerase 3D or its precursor 3CD (Xiang et al., 1998, and references therein) .
In this light it is interesting that the mutations introduced in another mutant, VPg D , caused a markedly different localization pattern of the replicative proteins as revealed by immunofluorescence microscopy. Instead of aggregating into shapeless bodies in distinct areas like the wild-type, the replicative proteins were dispersed uniformly throughout the cytoplasm. The shapeless bodies observed by light microscopy are believed to correspond to the large regions of electron-dense material seen by electron microscopy that are present adjacent to the small membranous vesicles that are the site of CPMV replication (De Zoeten et al., 1974) . A similar aberrant localization pattern of the replicative proteins was previously reported in protoplasts transiently expressing CPMV RNA1 mutants with either a deletion of the 32K coding region or a point mutation in the NTP-binding site of the 60K protein (Peters et al., 1994; van Bokhoven et al., 1993) . Our results with mutant VPg D indicate that besides the NTB-binding domain the VPg region of 60K also plays a role in the formation of the electron-dense structures. Based on the altered localization pattern of the different mutants and the observation that 60K associates with the 32K protein in infected cells (Franssen et al., 1984) , we propose that 32K and 60K are involved in an interaction that leads to multimerization and aggregation of the viral replication complexes in the electron-dense structures. The significance of these electron-dense structures for viral RNA replication is unclear. It has been proposed that the replicative proteins accumulate in the electron-dense structures as inactive deposits or alternatively are maintained there in an active conformation for replication (van Bokhoven et al., 1993) . The finding in our study that a mutation of CPMV VPg prevented formation of the electron-dense structures without abolishing virus replication challenges the notion that the electron-dense structures play an essential role in the viral replication. Instead the inclusion bodies might represent deposits of inactive nonstructural proteins that are formed as a consequence of the expression strategy of the CPMV genome in a large polyprotein that does not allow differential regulation of replicative proteins. A similar phenomenon is described for plant potyviruses where different nonstructural proteins accumulate in distinct inclusion bodies in the cytoplasm or in the nucleus, away from the site of replication (Riedel et al., 1998 , and references therein).
MATERIALS AND METHODS
Construction of plasmids
To introduce mutations in the VPg coding region, plasmid pTB1G (Eggen et al., 1989) was used as starting material. Plasmid pTB1G contains the full-length cDNA of CPMV RNA1 from which infectious RNA can be generated using T7 RNA polymerase (Eggen et al., 1989) . The positions of restriction sites and nucleotides refer to the positions in the B-RNA sequence determined by Lomonossoff and Shanks (1983) . An SstI-BamHI fragment from pTB1G (positions 2301 to 3857) was inserted into the corresponding site of M13mp19. Site-directed mutagenesis was performed using the phosphorylated oligonucleotides shown in Table 1 to introduce the different mutations according to the method described by Kunkel (1985) . To facilitate selection of mutant clones, silent mutations that introduce a restriction site were constructed. In the case of SR 3 Q/YG, VPg D , VPg AB , and
VPgCPSMV the mutations were introduced in mutant templates as indicated in Table 1 . Recombinant M13mp19 clones carrying the VPg mutations were analyzed by restriction enzyme mapping and dideoxy sequence analysis.
The SstI-BamHI fragments of the mutated M13mp19 clones were reinserted in the corresponding site of pTB1G. For in vitro translation assays, the mutant VPgs were introduced in pTB84 (Peters et al., 1992a) as an SstI-AocI (3534) fragment. To produce the RNA1-encoded 200K polyprotein of the noninfectious VPg mutants in cowpea protoplasts, the mutations were introduced in pMB200 (van Bokhoven et al., 1993) , which contains the RNA1 200K coding sequence under control of the CaMV 35S promoter. The NdeI (2080)-AocI fragment of pMB200 was exchanged with the NdeI-AocI fragments from the mutant clones.
In vitro transcription and translation
The procedure for in vitro transcription of viral cDNA and translation of RNA transcripts has been described previously (Peters et al., 1992b) . The dried gels were exposed either to film or to a standard phosphor screen (Molecular Dynamics) for phosphorimager analysis. Band intensity was quantitated using a Storm phosphorimager (Molecular Dynamics) and ImageQuant software.
Transfection of protoplasts and detection of RNA1-encoded proteins
Cowpea (Vigna unguiculata L.) mesophyll protoplasts were prepared and transfected by polyethylene glycolmediated uptake as described previously (van Bokhoven et al., 1993) . Transfected protoplasts were stained by the indirect fluorescent antibody technique (van Bokhoven et al., 1993 ) using anti-VPg and anti-110K sera (van Bokhoven et al., 1992) . After treatment with goat anti-rabbit antibodies conjugated to fluorescein isothiocyanate (Nordic), the protoplasts were examined by fluorescence microscopy.
For Western blot analysis protoplasts were collected 2 days posttransfection by centrifugation at 100 g for 2 min. Aliquots corresponding to 2 ϫ 10 5 protoplasts were loaded on a 10% SDS-polyacrylamide gel and electrophoresed. Immunoblots of these gels were prepared as described previously (van Bokhoven et al., 1993) using the antisera mentioned above. 
